The objective of this study was to evaluate the concentration of Cu, Zn, Cr and Pb in different species of fish collected in the estuarine and limnic regions of the São Gonçalo channel, located in the Patos-Mirim lagoon complex in the coastal plain of Rio Grande do Sul State (Southern Brazil) during 2013 (autumn, winter and spring) and 2014 (summer). Fish samples were decomposed in a digester block with a reflux system under conditions optimized using a central composite design as it follows: 250 mg of fish sample, 5 mL HNO 3 , 2 mL H 2 O 2 during 2 h at 150 °C. The concentrations obtained ranged from 6.7 to 12.0 mg kg -1 for Cu; 1.8 to 23.6 mg kg -1 for Zn; 37 to 487 µg kg -1 for Pb; and 40 to 1268 µg kg -1 for Cr. The highest concentrations of Cu, Zn and Pb, were observed in fishes collected at locations in the estuarine region and Cr showed high levels, especially in the limnic region. The samples of the species Loricariichthys anus (viola) showed the highest concentrations of all analytes investigated.
Introduction
Fish are one of the most important sources of protein for humans. Fish consumption has been increasing because they are a source of omega-3 fatty acids that reduce the risk of developing several diseases. However, fishes are vulnerable to the pollution of lake ecosystems mainly by the presence of toxic metals. [1] [2] [3] Intense activity in the industrial and agricultural sectors has inevitably produced an increase in the concentration levels of toxic metals in natural water systems. 4 Thus, aquatic environments are often the ultimate collectors of pollutants and facilitate the mobility of these substances, causing a significant increase in the interactions between these environmental parameters and organisms. Depending on the species of fish in an ecosystem, the route of capitation of metals varies between water and diet. 5 Toxic metals tend to accumulate in advanced organisms through biomagnification in food chain effects. Thus, they can enter the human body, accumulate in various tissues, and generate chronic toxicity. 6 Estuarine regions are characterized by variations in salinity, and high concentration of nutrients and sludge, allowing the development of species adapted to the peculiarities of the ecosystem. On the Brazilian coast, estuarine regions are widely used by fishing communities. Disordered urban occupation and strong environmental impacts linked to the development of industrial and human activities on the shores of estuaries poses a threat to these environments. Also, the high load of pollutants disposed of in estuaries and their environs have been decreasing fish stocks, having negative effects on the living conditions of coastal communities. 7 The area studied in this work, the São Gonçalo channel, is located in the Patos-Mirim lagoon complex in the coastal plain of Rio Grande do Sul, in Pelotas city (Southern Brazil). It is a natural channel 75 km long, 200 to 500 m wide and 6 m deep. It periodically undergoes changes in the direction of flow through the canal lock. The channel connects lakes Patos (estuarine portion) and Mirim (limnic portion) and is of great importance to the cities of Pelotas and Rio Grande, because it provides water to them, and is a source of livelihood for many families who survive by fishing. It also contributes to the irrigation of rice crops and local navigation. 8 The channel became the main destination of three streams that supply the city of Pelotas, besides the Piratini River. These streams cross populated urban areas occupied by residential properties, with commercial, industrial and agricultural activities that contribute contaminants to the water. In 1977, a sliding gate was built on the channel in order to prevent inflow of salt water from the Patos Lagoon estuary into the Mirim Lagoon. Previous studies have shown that this considerably altered the habitat and distribution of different species of fish, and interrupted connections between adjacent aquatic systems. 8 For example, estuarine fish such as Micropogonias furnieri (corvina) that previously inhabited the Mirim Lagoon now remain in the marine portion. Within the Patos-Mirim lagoon complex, the São Gonçalo channel is the region with the greatest abundance and richness of fish species (approximately 43 species). The main species of fish found are: Micropogonias furnieri (corvina), Pimelodus clarias (pintado), Cyphocharax voga (biru) and Loricaariichthys anus (viola) that are widely marketed by many fishermen who fish in the region for their livelihoods. In this context, it is very important to evaluate the metal content (toxic or non-toxic) in these animals that also serve as biomarkers of the environmental condition of the water resources. 8 Metals such as Cu and Zn are considered essential micronutrients for a variety of enzymes and other cellular components that have vital functions. As such, they are carefully regulated by physiological mechanisms in most organisms. However, they are also considered to be potentially dangerous, since they may be a risk for human and animal health. The knowledge of their concentration in fish is important in the management of fish consumption. 9 Excessive intake of Zn may cause several health problems such as poisoning, nausea, severe stomach pain, diarrhea, and fever, among others. 6 Excessive levels of Cu may cause allergies and irritation to the eyes, nose and mouth, as well as nausea and diarrhea. Symptoms may worsen if ingestion is via water and food, damaging the liver and kidneys and, in extreme cases, leading to death. 10 Metals such as Pb and Cr, which are toxic, should not be present in foods intended for human consumption. Lead may cause kidney failure, liver damage, anemia, gastrointestinal and colonic disorders and damage to the central nervous system. 3, 11, 12 When Cr is present in a hexavalent oxidation state and at high levels of concentration, it may cause damage to the respiratory tract, stomach, and intestines. It may also cause anemia and in some cases lead to cancer. 10 The quantification of metals in fish tissue is usually carried out by atomic spectrometry techniques, such as flame atomic absorption spectrometry (F AAS); 4, 9, [13] [14] [15] [16] graphite furnace atomic spectrometry (GF AAS); 1, 9, 14, [17] [18] [19] [20] [21] [22] inductively coupled plasma mass spectrometry (ICP-MS); 6,23-28 inductively coupled plasma optical emission spectrometry (ICP OES) 6, 23, 29, 30 or cold vapor atomic absorption spectrometry (CV AAS). 1, 11, 16 In general, for the determination of metals such as Cu, Zn, Pb and Cr in fish tissue samples using atomic spectrometry techniques, the sample must be in acid solution. The use of acid decomposition in open systems using digestion blocks; [15] [16] [17] [18] 29 in closed systems using the microwave oven 1, 4, 6, 9, 11, 13, 23, 25, 27, 31 or by dry ashing 22 are widely used for this purpose. However, some of these systems present risk of contamination and analyte losses through volatilization or adsorption when open flasks are used. Additionally, a reposition of acid is required due to dryness during the heating. Also, the microwave equipment has a high cost for most research laboratories and routine.
Analytical chemistry is continually introducing new sample decomposition strategies for element determination (volatile or not) in a variety of matrices. In their review, Ferreira et al. 32 highlights the use of the reflux system for decomposing samples, especially for the determination of volatile elements. Losses by volatilization are avoided due the condensation of the volatile species under the reflux system formed by the cold finger. The cold finger is inserted into a digestion vessel for sample preparation, using an open system with conventional heating. Our research group has applied a new design of cold finger for sample preparation with a reflux system, which has demonstrated a high efficiency in decomposing different samples, as can be observed in the published papers on the determination of Hg in biological samples; 33 Cd, Pb and Sn in meat; 34 Ca, Cu, Fe, K and Na in milk powder; 35 As, Cd, Pb, and Se in rice 36 and Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Pb and Zn in yerba mate. 37 Thus, this study aims to determine the concentrations of Cu, Zn, Cr and Pb in different species of fish from estuarine and limnic portions of the São Gonçalo channel, in different seasons of 2013 and 2014. The samples were prepared by acid decomposition with the reflux system and the best conditions for decomposition (H 2 O 2 volume, temperature of digester block and decomposition time) were optimized by employing a central composite design (CCD).
Experimental

Seasonal sampling
Fish were obtained at four different collection points in the São Gonçalo channel (denominated P1, P2, P3 and P4), in different seasons: autumn, winter and spring of 2013 and summer of 2014. In total, there were four sampling series and 138 samples, distributed in four different species of fish, taken in triplicate. All collection points were properly identified with a GPS (global positioning system) model GarminEtrex Vista® H, and are defined in Table 1 and identified in the image shown in Figure S1 (Supplementary Information).
For fish collection, fishing nets with a mesh of 18 mm were used. Four fish species were collected: Cyphocharax voga (biru), Loricariichthys anus (viola), Pimelodus clarias (pintado) and Micropogonias furnieri (corvina). After collection, the fishes were placed in labeled polyethylene bags and stored in a cooler with ice for transport to the laboratory. They were initially washed, visceral parts were removed, and the muscle was separated and cut into fillets. The in natura fish fillets were homogenized by maceration with mortar and pestle, put into clean plastic containers and frozen at −16 °C. Fish tissue samples were defrosted just before the sample preparation step.
Instrumentation
Analytical measurements for Cu and Zn were carried out using a flame atomic absorption spectrometer PerkinElmer AAnalyst 200 (Shelton, CT, USA) equipped with deuterium arc background correction and a hollow cathode lamps source: Cu (324.75 nm) and Zn (213.86 nm) were operated at 15 mA and spectral band path of 0.7 nm for both analytes. Acetylene (99.7%, Linde, São Paulo, SP, Brazil) was used in the flame. Gas flow rates were: 2.50 L min -1 (fuel) and 10 L min -1 (air).
Integrated absorbance signals for Pb and Cr were measured in an atomic absorption spectrometer with a graphite furnace PerkinElmer PinAAncle 900z (Shelton, CT, USA) equipped with an autosampler PerkinElmer AS-900 model (Shelton, CT, USA), a transverse-heated graphite tube atomizer, and Zeeman-effect background correction. Hollow cathode lamps for Pb and Cr (PerkinElmer, Part No. N305-0157 and N305-0119, respectively, Shelton, CT, USA) were used operating at 10 mA (Pb) and 25 mA (Cr) and spectral band path of 0.7 nm for both analytes. Argon (99.996%, Linde, São Paulo, SP, Brazil) was used as protected and purge gas. All experiments were carried out using pyrolytic graphite coated tubes with integrated platforms. The temperature program is shown in Table S1 (Supplementary Information).
For the sample acid decomposition, a heated digester block was used (MA-4025 model, Marconi, Piracicaba, SP, Brazil). In each digester tube, a cold finger was introduced to avoid losses by volatilization of analytes and reagents. The system consists of a glass tube closed with a small glass tube and filled with cold water (15 °C), in order to help the recirculation of the acids within the bigger tube. More details of this system are described by Oreste et al. 33 Samples were weighed using an analytical balance (Model 2140 from Ohaus Adventurer, Parsippany, NJ, USA).
Reagents, solutions and certified reference materials
All chemicals and reagents used in were of analyticalreagent grade. All solutions were prepared by using deionized water obtained by a water distiller MA078 (Marconi, Piracicaba, SP, Brazil) and subsequently deionized by passing through a column CS1800 (Permution, Curitiba, PR, Brazil). Nitric acid 65% (m/m) (Synth, Diadema, SP, Brazil) and hydrogen peroxide 30% (v/v) (Merck, Darmstadt, Germany) were used. The nitric acid was purified by doubly sub boiling distillation in a quartz system MA-075 (Marconi, Piracicaba, SP, Brazil). Pd and Mg (Sigma-Aldrich, Sigma, St. Louis, MO, USA) were used as a chemical modifier with addition into the graphite furnace of 15 µg Mg for measurements of Cr and 3 µg Mg + 5 µg Pd for measurements of Pb. Standard solutions of Pb, Cr, Zn and Cu (Merck, Darmstadt, Germany) were prepared daily by appropriate dilutions of a stock solution containing 1000 mg L -1 of each analyte in HNO 3 2% (v/v) from a standard concentrate solution.
The following certified reference materials (CRM) were used to evaluate the accuracy of the proposed method: TORT-2 (lobster hepatopancreas) from the National Research Council Canada (NRCC, Ottawa, ON, Canada) for Cu, Zn and Cr; SRM 2976 (muscle tissue of marine bivalve mollusk) from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) for Pb; and ERM®-BB422 (cod muscle) from the European Reference Material (Geel, Belgium) for Cu and Zn. 
Sample preparation procedure
The optimization of the acid decomposition procedure using the reflux system for fish samples was performed using a full factorial design considering the following variables: H 2 O 2 volume, temperature of digester block and decomposition time (Table S2 , Supplementary Information). The ranges of the independent variables were based on preliminary experiments. A central composite design (CCD) was applied (2 3 factorial, with three central points and six axial points) providing a total of 17 randomly performed experiments. All results were analyzed using the software Statistica ® 7.0 (Statsoft Inc., Tulsa, OK, USA), considering a significance level of 95%.
For the acid decomposition procedure, approximately 250 mg of sample in natura and defrosted was weighed into a glass digester tube, and 5.0 mL of 65% HNO 3 (m/m) was added. The mixture was heated to boiling point in a digester block at 150 °C for 2 h. The reflux system consists of a glass digester tube closed with a small glass tube (17 cm) and filled with continuous cold water recirculation, controlled at 15 °C by a thermostatic bath Model Q-214M2 (Marconi, Piracicaba, SP, Brazil). This system promotes the acids recirculation within the bigger tube (25 cm) and avoid losses by volatilization of the analytes and reagents during the decomposition. After 90 min of the digestion, the tubes were removed from the digester block until the solution reached room temperature, and after, it was added 2 mL of H 2 O 2 to the digester tubes, which returned to the digester block to finish the decomposition. The decomposition was complete when all the sample fat was dissolved on visual inspection. After cooling, the mixture was transferred to a polyethylene flask and the final volume was completed at 14 mL with deionized water. All samples were prepared in triplicate, and analytical blanks were prepared using the same procedure. For the determination of analyte concentrations in CRM, 250 mg of sample was weighed.
Figures of merit evaluated in this work were limits of detection (LOD), limits of quantification (LOQ), linearity and accuracy. The procedures were performed in compliance with the INMETRO guide 38 for the validation of the method. Calibration curves were prepared with standard solutions of Cu, Zn, Cr and Pb in 2% HNO 3 (v/v).
Results and Discussion
Optimization of decomposition method
The choice of the method for the decomposition of fish tissue samples should be made considering its efficiency in providing free analytes in solution for further detection without interference. Thus, decomposition in an open system with a cold finger using nitric acid was explored as a sample preparation method for the determination of the metals Cu and Zn and the volatile elements Cd and Pb in fish tissue samples.
In order to optimize the conditions for acid decomposition with the reflux system, factorial design experiments were used. Additionally, the influence of the variables H 2 O 2 volume, decomposition time and temperature were evaluated. The matrix of the full factorial design containing the data for Cu, Zn, Cr and Pb, as well as absorbance as the analytical response, is shown in Table S3 (Supplementary Information). The central points presented small variations with relative standard deviations ranging from 1 to 2.5%, indicating excellent repeatability for the analysis.
The results, evaluated using a Pareto chart ( Figures S2  and S3 , Supplementary Information), demonstrated that the variables H 2 O 2 volume and digestion time were statistically significant for Zn and Pb. Considering a 95% confidence level, the effects were negative for both variables in relation to Zn ( Figure S2A ) and Pb ( Figure S2B ). For Cr ( Figure S3A ) and Cu ( Figure S3B ), no variable was statistically significant or generated surface response graphics at the levels studied.
Regression coefficients obtained using the central composite design for Zn and Pb are presented in Tables S4 and S5 (Supplementary Information), respectively. Quadratic terms were statistically significant for H 2 O 2 volume (V) and decomposition time (T) (p < 0.05) for both analytes. Regression equations obtained for Zn and Pb were: Absorbance = 0.184813 -0.009403V 2 -0.010415T 2 (Zn) and Absorbance = 0.114345 -0.010054V 2 -0.006147T 2 (Pb). Results from the analysis of variance (ANOVA) for Zn and Pb showed that the models are significant and adequate to describe the results through the surface response because of the F value (38.34 and 15.24, respectively).
Due to the high concentration of organic matter in the samples, a higher volume of H 2 O 2 is required to increase the oxidation efficiency sufficiently to allow the acquisition of a clear solution suitable for analysis on an atomic absorption spectrophotometer. Since only the variables H 2 O 2 volume and decomposition time were significant, it was possible to generate only one surface response for each analyte (Figures 1A and 1B ) and the best results for the H 2 O 2 volume were obtained at the central point. For this reason, 2 mL of H 2 O 2 was chosen as the final condition for decomposition. In relation to decomposition time, times shorter than 2 hours were not sufficient to determine the total content of the analyte investigated. After 2 h, the decomposition was more efficient and this condition was chosen.
The temperature variable was not statistically significant for the investigated analytes. Thus, a temperature of 150 °C was used to ensure the boiling point of the nitric acid was reached, as well as to break bonds in the fish samples between analytes and proteins in the case of Zn, Cu and Pb [39] [40] [41] or analytes and lipids in the case of Cr. 42 Therefore, the analytes are free in solution and able to be detected by atomic spectrometry techniques. Since no variables were statistically significant for Cu and Cr, the same conditions of acid decomposition employed for Zn and Pb were used in order to standardize the method using the digester block with cold finger as a reflux system.
The decomposition procedure with the cold finger is safer and more effective in organic decomposition. It also presents no analyte losses through volatilization and shows optimum values of sensitivity and detection limits. The use of the cold finger has provided lower method detection limits than those achieved in other works using pre-concentration techniques, 43 microwave-assisted digestion or slurry sampling. 44 
Analytical results
Figures of merit were obtained for the determination of the analytes Cu, Zn, Cr and Pb in fish tissue samples, after establishing the sample preparation procedure using acid decomposition with a reflux system, and are shown in Table 2 . Calibration curves showed adequate linearity in the range applied, as well as good linear correlation coefficients for all obtained curves (R > 0.99). Good precision was obtained, with relative standard deviation (RSD) values between 7.3 and 15%, in accordance with the guidelines established by AOAC. 45 Limits of quantification obtained were appropriate with the proposal of the study.
For the purposes of comparison, the obtained concentrations results were analyzed considering the maximum limits of some elements in fish established by the Brazilian regulation on National Food Sanitary Surveillance Division (DINAL, ordinance No. 685) which was partially revoked by Resolution No. 42/13 of ANVISA: 46 30 mg kg -1 for Cu; 50 mg kg -1 for Zn; 100 µg kg -1 for Cr and 300 µg kg -1 for Pb.
The accuracy of the method was evaluated using three certified reference materials and the results are shown in Table 3 . Although several values are not certified or informed by the supplier, the certified reference materials were prepared following the acid decomposition procedure. The determined concentration of these analytes was lower than the detection limit for the method, considering the mass of the sample employed and the final volume. The application of the Student's t-test at a confidence level of 95% showed good agreement between the measured and the certified values and no statistically significant difference for Cr and Pb. LOD: limit of detection; LOQ: limit of quantification; RSD: relative standard deviation. was found, confirming the accuracy of the results for all studied analytes. The results obtained for the determination of Cu, Zn, Cr and Pb in fish samples are shown in Tables 4 and 5 , divided by their different collection points (P1 and P2; P3 and P4). Some species were not obtained during the collection. According to the Tukey's test at the 95% confidence level, the results presented variations in the concentrations of analytes for the different seasons, collection points and fish species.
When different collection points were compared, the highest concentrations of Cu, Zn and Pb were observed in fishes collected at P1 and P2 in the estuarine region. It was expected that these points would be polluted or present high concentrations of all metals investigated, because they are urban areas, subject to outflow from other channels that 8.3 ± 0.4 bi 9.8 ± 1.0 bi 77 ± 10 d 139 ± 22 celr A: Cyphocharax voga (biru); B: Pimelodus clarias (pintado); C: Micropogonias furnier (corvina); D: Loricariichthys anus (viola); n.c.: not collected; LOD: limit of detection. Different letters in the same column indicate significant difference at p < 0.05. circulate in the city, and serving as wastewater disposal for tanning, food and metalworking industries, and subject to local deposition of construction and urban waste. Chromium was found at high levels throughout in all points, but especially in the limnic region (P3 and P4), which was expected to be the less polluted region. Considering the fish, the specimens of Loricariichthys anus (viola) showed the highest concentrations of all analytes evaluated. It should also be noted that, theoretically, with time, there would be accumulation of metals in the fish, however, in the present study this was not observed. This is not to say that it did not occur, but that it was not perceptible in view of the low concentrations found compared to the limits proposed by the legislation.
The Cu concentration levels found ranged between 6.7 to 12.0 mg kg -1 in the autumn and winter seasons of 2013, respectively, both the maximum and minimum being found in Pimelodus clarias, as shown in Figure 2 and presenting significant variation according to the Tukey's test. The maximum concentration value was close to the found by Bugallo et al. 44 (12 mg kg -1 ) and Souza et al. 16 (11.9 mg kg -1 ). Souza et al. 16 analyzed muscles and viscera of tilapia, lambari, piau and catfish species from a fishery in the city of Umuarama-PR, and found different concentrations of Cu that reached 40 mg kg -1 in the viscera. According to these authors, as the lake water was slightly acidic (pH = 6.5), it favored Cu solvation, making the Cu bioavailable to the fish. Accumulation was mainly in the viscera, where Cu binds to metallothionein, serving as a fish detoxification mechanism. Other authors have reported higher values for Cu in fish: 16.1 mg kg -1 in fish from the Neretva river (Bosnia and Herzegovina) 25 and 24 mg kg -1 in fish, shellfish and fish products from internal markets of India. 11 Lower concentration levels were found by Olmedo et al. 21 ranging from 0.069 to 4.73 mg kg -1 in fish and shellfish of Spain; and by Leung et al. 28 in the range of 0.79 and 2.26 mg kg -1 in tissue from fish species of the Pearl River Delta, China. The values found in our work were higher in P1 and P2 (regions with higher anthropogenic activity) and during the winter, probably because it is the period of reproduction of the fish. However, the Cu concentrations obtained were below the maximum level recommended by Brazilian legislation. 46 Therefore, no evidence was found of Cu contamination in the analyzed fish of the channel.
For Zn, the concentrations in the analyzed fish samples ranged between 1.8 and 23.6 mg kg -1 , and the highest concentrations were observed during the winter in the species Pimelodus clarias and Loricariichthys anus, and in particular in P1 and P2 (Figure 3 ). In winter, considerable precipitation occurs causing waste leaching. The concentrations found are lower than the maximum level recommended by the Brazilian legislation. 46 Sivaperumal et al. 11 and Olmedo et al. 21 detected lower levels of Zn, 0.6 and 1.24 mg kg -1 , respectively, in fish samples from Cochin (India) and Andalusia (Spain). Other works (Yilmaz et al.; 29 Souza et al.; 16 Mendil et al.; 18 Saei-Dehkordi and Fallah; 47 Medeiros et al.; 26 Hoo Fung et al. 20 and Akoto et al. 48 ) reported values closer to the range found in this work. Regardless of the different species of fish, the aforementioned works ratify the hypothesis of direct influence of climatic seasons, especially the phenomenon of leaching of pollutants. It should be noted that the maximum limit of Zn allowed in fish is 50 mg kg -1 and that this value was not reached by any of the fish species of the channel that were analyzed.
The Pb content in all the analyzed fish samples (Figure 4 ) ranged between 37 and 487 µg kg -1 . These values are similar to the concentrations found by Morgano et al. 49 Olmedo et al. 21 and Chahid et al. 12 found lower concentration values: 4 and 13 µg kg -1 , respectively, in fishes from Andalusia (Spain) and Kingdom of Morocco. Higher values were determined by Repula et al. 50 and Leung et al. 28 (2560 and 8620 µg kg -1 , respectively, in fishes from Guarapuava, PR, Brazil and Pearl River Delta, China). The highest Pb concentrations found, exceeding the maximum permitted in fish (300 µg kg -1 ), were detected in different species of fish and seasons, especially at points P1 and P2, where there is anthropogenic activity (industrial and fishing activity), many houses and disposal of highly contaminated water from different neighborhoods in the city of Pelotas.
The concentrations of Cr ranged from 40 (sample B, summer) to 1268 µg kg -1 (sample D, spring) and the highest values were found in the species Loricariichthys anus at points P3 and P4 during the spring of 2013 and summer of 2014 ( Figure 5 ). The higher values of Cr detected may be related to the low volume of rainfall in these seasons, and the increase in temperature that favors the solubilization of compounds formed by this analyte, thus increasing the Cr concentration in the São Gonçalo channel and consequently in fishes.
The maximum concentration value found is similar with the maximum obtained by Repula et al., 50 1300 µg kg -1 .
Sivaperumal et al. 11 found a higher value (3650 µg kg -1 ) and Morgano et al. 49 a lower value (8 µg kg -1 ). About 80% of the results presented concentrations above the maximum established for Cr in fish, which is 100 µg kg -1 . Almost all sampling points, all fish species and all evaluated seasons presented contamination by this metal. It is hypothesized that the contamination is derived from effluents that are rich in Cr discharged into the São Gonçalo channel from tanneries in the Pelotas region. Cr then accumulates in the environments and organisms in which it is found.
Analyzing the obtained data, it is possible to verify that the São Gonçalo channel presents diverse degrees of contamination in relation to the analytes investigated in this work. Zinc and Cu levels remained below the maximum toxicity limits, while the concentrations of Pb indicated that the estuarine portion of the channel suffers the impact of human activities, in particular domestic disposal, such as the disposal of electronic equipment and batteries from various regions of Pelotas City.
As mentioned above, the Cr concentrations were higher than established by legislation in all collection points of channel, but especially in the limnic region, which is characterized by intense agricultural activity, especially rice production. It should be also noted that the region of Pelotas features leather tanning industries, some already discontinued, whose effluents are rich in Cr.
An important fact to consider is that the São Gonçalo channel consists of two distinct bodies of water: estuarine (saltiest waters) and limnic (fresh water). The distribution of fish along the collection points also varied, so that the Micropogonias furnieri, which is a marine species, was practically absent at points P3 and P4 (limnic portion). The other fishes evaluated are freshwater species and were present throughout the channel. The high concentrations of Zn and Cu found in Pimelodus clarias can be attributed to the fact that this fish is omnivorous and feeds on algae and small fish, favoring the biomagnification (Sanches Filho et al.) . 51 In addition to biomagnification, there is also bioaccumulation, which deals with the ability to accumulate a substance from the environment or through food by a particular organism. Thus, both phenomena suggest the use of fish as biological indicators of the environmental quality of specific water resources and justified the use of these animals in this study.
Regarding seasonal influence, it was observed that seasonality does have an effect, but it is specific to each species of fish and investigated metal, making it difficult to characterize the degree of contamination in water resources according to the different seasons of the year.
Conclusions
Knowledge of the concentrations of metals, particularly toxic metals, in fish is important concerning the management of the natural environment and human health. Among the four elements investigated, Pb (at points 1, 2 and 3) and Cr showed concentrations above those permitted by legislation for fish, differently to Zn and Cu, essential metals to humans, although they were present all along the São Gonçalo channel. It is believed that high concentrations of the investigated analytes are directly related to urban and industrial waste, as well as the agricultural activities of the region, mainly rice production. Considering these results, a continuous monitoring of the biota of São Gonçalo channel is suggested, due to its economic, social and ecological importance for the local population.
The use of acid decomposition with a reflux system as a sample preparation method for the determination of Cu, Zn, Cr and Pb in fresh fish samples was adequate and easy to use, providing satisfactory results with good accuracy. The procedure can be employed to decompose fish tissue samples at low cost and using only a small amount of sample. The central composite design is a fast and efficient tool to optimize the best conditions for sample preparation procedures, and a low time of decomposition (2 h) was achieved. Limits of quantification values for all analytes were adequate and in agreement with the maximum concentration limits permitted for fishes by Brazilian legislation.
